This work was undertaken to assess the effects of high-pressure processing on brown pigment formation, antibacterial activity and hydroxymethylfurfural (HMF) content in Manuka honey. Thus, high-pressure processing has no adverse effect on the honey quality because it can control HMF concentration during process. Increasing brown pigment formation is associated with the enhancement of antibacterial activity.
Introduction
In honey commercial applications, heating is an important operation and is known to have a potential for eliminating spoilage micro-organisms, facilitating packaging and delaying crystallisation (Subramanian et al., 2007) . However, heating honey to higher temperatures of more than 70 "C is not suitable because it causes alteration in flavour, colour and granulation of honey and also degrades bioactive compounds and antioxidants, which could result in product quality deterioration (Visquert et al., 2004; Subramanian et al., 2007) . The deterioration of honey quality and its nutritional properties is due to the unstable and thermolabile honey components (Nagai et al., 2001) .
Formation of brown pigment, reduction of antibacterial activity and accumulation of hydroxymethylfurfural (HMF) are main concerns during honey processing. Darkening of honey is generally associated with a loss in quality, which directly affects the consumer's acceptance of the product. The colour of *Correspondent: Fax: + 64 9 3737463; e-mail: m.farid@auckland.ac.nz honey may result from nonenzymatic browning or the Maillard reaction, which involves amino groups of free amino acids/proteins and carbonyl groups of reducing sugars, resulted in thousands of reaction intermediates and products (Turkmen et al., 2006) . In practical application, brown pigment formation is an internal parameter used as a control so as to limit thermal treatment and also during honey storage (Bult & Kilic, 2009) .
As an alternative to therapeutic agents, the antibacterial activity in Manuka honey is a major interest to honey industry and is gaining a high consumer's demand. Dissimilar with other types of honey, Manuka honey has special characteristics that its antibacterial activity is exhibited from a nonperoxide activity, reportedly attributed to methylglyoxal (MGO) which formed from condensation of dihydroxyacetone (DHA) (Adams et al., 2009) . Prolong the storage time and subject honey to mild heat is a traditional approach to allow enough time for the condensation of DHA and facilitate the build-up of MGO (Adams et al., 2009) . However, the quality of honey deteriorates due to the prolonged storage and the application of heat (Turkmen et al., 2006) . Hydroxymethylfurfural is undesirably produced as a result of Maillard reaction and/or hexose dehydration. Low level in HMF shows honey is in fresh condition. Controlling the formation of HMF is a major challenge because its amount can increase during honey processing and storage (Singh & Bath, 1998) . High levels of HMF may be the results of inadequate storage, adulteration with sugar additives or severe heat treatments (Tosi et al., 2004; Khalil et al., 2010) . Although HMF is not harmful substance, food standards in many countries regulate the levels of HMF, which has become a practice during recent years in the International European Union Directive (1 10/2001) regulatory standards fixed HMF limit in honey to 40 mg kgp', with the exceptions of 80 mg kg-' for honey coming from tropical countries and 15 mg kg-' for honey with low enzymatic level.
Thus, to maintain and improve the quality and nutritional value of honey, a novel nonthermal processing and high-pressure processing (HPP) will be investigated. HPP-treated food has been shown to keep its original freshness and to improve its functionalities (Butz, 2010) due to the almost instantaneous isostatic pressure transmission in the system (Ghani & Farid, 2007) . Although detailed studies on the effect of HPP on quality and safety of varieties of food have already been performed by very large numbers of investigators, the effect of pressure on the high sugar content food such as honey is much less documented. Al-Habsi & Niranjan (2012), Akhmazillah et al. (2013) and Fauzi et al. (2014) have reported the effect of HPP on quality attributes in honey; however, there is no previous study reporting the effect of HPP on brown pigment formation. In addition, the relationship between brown pigment and antibacterial activity in honey as affected by HPP is not yet investigated although a good correlation between these properties has been found in untreated honey (Brudzynski & Miotto, 201 1) . This paper therefore determines the effect of HPP on the brown pigment formation of Manuka honey in comparison with conventional thermal treatment. The paper also reports on the relationship between brown pigment formation and its antibacterial activity as affected by high pressure, which has not been studied so far. The effect of the quality changes in terms of HMF will also be presented.
Material and methods

Honey sample preparation
Untreated Manuka honey used in this study was kindly donated by Cornvita@, Auckland, New Zealand. The jar of honey sample was collected directly from bee-keepers and sourced from Manuka tree (Leptospermum scoparium), a native tree of New Zealand. Honey (5 g) was packed in 5 x 5 cm transparent plastic film pouches (Cas-pak plastic vacuum pouch, Silverdale, New Zealand) and thermosealed under vacuum. This formed very thin pouch of 3 mm thick to ensure no temperature distribution within the honey sample. The plastic film is made of cast polypropylene for excellent transparency and heat sealing qualities and can withstand temperatures up to 125 "C.
Processing honey
High-pressure processing equipment The HPP unit used in this research was QFP 2L-700 Laboratory Food Processing System (Avure Technologies, Columbus, OH, USA). The equipment consists of a 2-L cylindrical-shaped pressure treatment chamber (inner height = 254 mm, inner diameter = 101.6 mm) with a thermocouple, water circulation, a cooling system, a pumping system and a control system operated through a computer with a software supplied by the manufacturer. Distilled water was used as the medium in the chamber where the packed honey samples were placed. The equipment can operate at maximum pressure and temperature of 600 MPa and 90 OC, respectively. The treatment time was the holding pressure time and did not include the pressure come-up and decompression times. The temperature inside the pressure chamber was monitored during treatment using a thermocouple, which was immersed in the pressure medium (distilled water). All honey samples were taken from the same honey batch, and every single treatment was repeated twice.
High-pressure processing of honey at ambient temperature Five grams of vacuum-packed Manuka honey samples was subjected to HPP with pressures of 200, 400 and 600 MPa, at close to ambient temperature (25-35 "C) for 5-30 min. It may be noted that the pressure range employed in this work is common for HPP applications in food industry (100-800 MPa). Pressure comeup time was approximately 1.5 min, while the decompression time was <20 s. The adiabatic heating 200, 400 and 600 MPa gave an average processing temperatures of 26.80 f 0.95 "C, 28.71 * 0.90 "C and 30.18 f 0.98 "C, respectively, during the holding pressure period. The samples were then taken for the analysis of brown pigment formation, antibacterial activity and hydroxymethylfurfural content. .99 f 0.38 "C during holding pressure phase. Pressure come-up time was approximately 1.5 min to reach 600 MPa. The pressure rise took <2 min. The temperatures increased during process were not much higher due to the cooling system provided. The samples were then taken for the analysis of brown pigment formation and hydroxymethylfurfural content.
Thermal processing of honey
The thermal processing in the absence of high pressure was performed at 50,60 and 70 "C C for 10 min using a thermostatic water bath, W28 (Grant Instruments, Cambridge, UK). The temperatures were chosen considering the standard temperatures to which honey is exposed in industrial (45-80 "C). For the treatment, the vacuum-sealed samples were fully submerged into the water bath. Setting temperatures of 50, 60 and 70 "C resulted in average temperatures of 51.74 & 0.30 "C, 61.90 i 0.10 "C and 71.58 i 0.40 "C, respectively. The come-up time of the centre of the packed honey was <1.5 min. After each treatment, all samples were immediately placed in ice-cooled water before analysis for brown pigment, antibacterial activity and hydroxymethylfurfural content. The samples were taken from the same honey batch, and every single treatment was repeated twice.
Brown pigment
The method for the determination of brown pigment formation was adapted from Turkmen et al. (2006) .
Antibacterial activity
The antibacterial activity determination method was adapted from Brudzynski & Miotto (2011) with some modification. Instead of using optical density, the plate counting method was used to measure bacterial growth. The honey was diluted to 50% (w/v) using Nutrient Broth (DifcoTM; BD Difco, North Ryde, Australia). Further dilutions were done to achieve honey concentrations of 20°/0, lo%, 6.25%, 5%, 1.0% and 0.5%.
Staphylococcus epidermidis (obtained from Microbiology Lab, University of Auckland) was used as a strain because it has been used most frequently to test honey antibacterial action. One millilitre stock was spread on a Nutrient Agar (DifcoTM) plate and incubated overnight at 37 "C. Then, a loop of bacterial colony on the plate was transferred into 100 mL fresh Nutrient Broth (DifcoTM) and incubated at 37 "C overnight in shaking room (120 rev min-'). The bacteria suspension with concentration of 1 x 10' CFU m~-' was used as inoculum. A fixed volume of a 0.90 mL of a given honey concentration is inoculated with 0.1 mL inoculum and incubated at 37 "C for 18 h. One millilitre of bacteria suspension was then serial diluted with 9 mL of 0.1 % NaCl (w/v) in test tubes from dilutions of 10' to lo-'. Then, 1.0 mL of each dilution was spread plated twice in Nutrient Agar (DifcoTM) plates and incubated at 37 "C for 18 h. After incubation, the colonies formed were counted and the numbers were then used to construct growth inhibition profiles. The minimal inhibitory concentration which represents the lowest concentration of honey that inhibits the bacterial growth by 95% was determined from the growth inhibition profile curves. The growth inhibition was determined using the following formula:
Number of colonies (controls) -Number of colonies (experimental)
Number of colonies (controls) One gram of honey samples was dissolved in 5 mL of distilled water using a vortex mixer. The solution was then centrifuged for 10 min at 10 000 g and filtered through Whatman No. l before precisely diluted to 4 "Brix with distilled water using a RX5000a digital refractometer (~t a~o @ , London, UK). Brown pigment formation of honey sample was then determined by measuring the absorbance of diluted honey at 420 nm using a spectrophotometer (Shimadzu, Santa Clara, CA, USA). The experiment was carried out two times, each time with duplicate samples.
Hydroxymethylfurfural, hydroxymethylfurfural content
The HMF value was determined using the proposed formula reported by International Honey Commission (Bogdanov, 1997) . Five grams of each honey samples was approximately weighed and dissolved in 25 mL of water before transferred into 50-mL volumetric flask. Then, 0.5 mL of Carrez solution I [consisting of 15 g of potassium hexacyanoferrate (11), K4Fe (CN)6.3H20 in 100 mL of water] was added and mixed. It was followed by the addition of 0.5 mL Carrez solution I1 [consisting of 30 g zinc acetate, Zn (CH3C00)2.2H20 in 100 mL of water], mixed and made up to the mark with water. The solution was filtered using filter paper after rejecting the first 10 mL of the filtrate. Then, aliquots of 5 mL were pipetted into two test tubes each. To the first test tube, 5 mL of water was added and mixed well (sample solution), while 5.0 mL of 0.2% sodium bisulphite solution (reference solution) was added to the second test tube and mixed well (reference solution). The absorbance of the samples solution at 284 and 336 nm was determined using UV/VIS spectrophotometer (Shimadzu) in 10 mm quartz cells. The readings were expressed as mg kg-' honey. The experiment was carried out two times, each time with duplicate samples.
Statistical analysis
One-way analysis of variance (ANOVA) was used to compare the means. Differences were considered significant at P < 0.05. The separation of treatments means was carried out with Tukey's honestly significant difference (HSD) test. All statistical analyses were performed with Statistica, version 11 (statsoft@; Statsoft Texas, Austin, TX, USA) and Microsoft ~xcell@ (Microsoft, Los Angeles, CA, USA) 2010.
Results and discussion
Influence of treatments on brown pigment formation
The brown pigment in untreated Manuka honey was registered as 0.108 4~ 0.01 0, which is higher than the values reported by previous work (Turkmen et al., 2006) , as indication to its high antioxidant potential and total phenolic content (Akhmazillah el al., 2013) .
The effects of HPP, combined HPP thermal and thermal treatment on brown pigment formation based on this study, are tabulated in Table 1 . In general, all processes show significant difference ( P < 0.05) in brown pigment formation as compared to untreated sample. The result also shows an increase in brown pigment is more intense (>0.18) when honey was exposed to combined HPP thermal (0.1794.191) and thermal treatment (0.1884.202). This observation showed that development of brown colour is strongly dependent on temperature (Vaikousi et al., 2009) , and an increase in brown pigment is related to the increasing of the antibacterial activity (Aljadi & Yusoff, 2003) . However, some studies reported the contradictory effect where at higher temperature, the antibacterial activity was decreased (Al-Habsi & Niranjan, 2012), which might be due to the decreases in enzymatic activity. With regard to high pressure, HPP-treated samples at ambient temperature have lower impact on brown formation (0.1584.170) and showed a significant difference ( P < 0.05) as compared to thermal treatment. Theoretically, this might be due to the effect of pressures on the carboxylic acid group of the amino acid present in honey. As honey has lower pH (3.5-4.0), the system will buffered mainly by carboxylic acid and high pressure will favour the ionic form, which then decreases the pressure-induced pH (Hill et al., 1996) . This is expected to slow the brown formation because colour development in Maillard reaction is known to be retarded by decreasing the pH, which could cause a decrease in the rate of Maillard browning (Lee et al., 1984) . With respect to percentage increment in brown pigment, thermally treated samples at 70 OC showed the highest absorbance increase (84.69 f 0.002%) as compared to 50 "C (74.94 & 0.002%) and 60 "C (77.26 zk 0.001%) (Fig. 1) . This finding is in agreement with Vaikousi et al. (2009) where the increase in absorbance was pronounced at higher temperature of 80 "C, due to an increase of the reactivity between the sugar and the amino group in the food system (Manzocco et al., 2001) .
The browning reaction in honey was found to be less sensitive to heat, as compared to usual nonenzymatic browning in other food matrices (Garza et ul., 1999; Burdurlu & Karadeniz, 2003) , due to the different contents and types of amino acids and reducing sugars present in honey. It also might be due to the variations in thermal sensitivity of the foods and processing conditions (Manzocco et al., 2001) .
The brown pigment formation can be unfavourable for intermediate moisture, dehydrated or concentrated foods (Burdurlu & Karadeniz, 2003) . On the contrary, browning can be preferred in the manufacturing of coffee and baking of bread for improvement in colour and flavour (Shaker et al., 1995) . In the case of honey, the brown pigment formation can be an advantage because previous works have reported that Maillard reaction products that include brown pigment are associated with antibacterial activity (Aljadi & Yusoff, 2003) . Figure 2 shows the percentage inhibition of S. epidermidis at different concentrations of Manuka honey investigated, ranging from 0.1 to 50% (w/v). From the result obtained, the honey concentration between 10% and 20% (w/v) gave the minimum inhibitory concentration of at least 95% inhibition (MIC9,) with 95.96 f 0.41% and 95.50 f 2.12% inhibition, respectively. As it is difficult to notice any change in antibacterial activity at concentrations higher than 10% w/v (because these concentration resulted in nearly 100% and 100% inhibition), 5% (w/v) of honey concentration, which gave 65% inhibition, is chosen to investigate the effect of HPP and thermal treatment on the antibacterial activity. The percentage inhibition of S. epidermidis in HPPtreated Manuka honey at different pressure levels of 200, 400 and 600 MPa (with 83.71 31 4.68%, 84.43 + 6.01 % and 84.34 & 7.62%, respectively) for 10-min treatment showed no significant difference (P > 0.05) amongst them. However, it shows a significant increase in inhibition (P < 0.05) as compared to untreated honey, 65.0 k 7.07% (Fig. 3) . The increase in antibacterial activity in HPP-treated samples is might be due to the molecular structure change in some compounds after subjected to high pressure. The conjugated systems of double bonds present in flavonoids and long chain in po-lyphenols compounds might be affected because HPP can enhance chemical and biochemical reactions through both desired and undesired modifications (Oey et al., 2008) . In addition, Aljadi & Yusoff (2003) noted that the antibacterial activity may result from the interactions of polyphenols, flavonoids and Maillard reaction products. As the total phenolic content and flavonoids are predictive markers of the antioxidant activity in honey (Estevinho et al., 2008) , the change in these compounds will then affect honey antibacterial activity.
Iduence of treatments on antibacterial activity
Although Al-Habsi & Niranjan (2012) suggested the condensation reaction of DHA might have occurred during HPP which then leads to the increase of methylglyoxal, MGO (compound responsible for antibacterial activity), Grainger et al. (2014) have shown that HPP does not accelerate the conversion of DHA to MGO. It can thus be suggested that the possible increase in antibacterial activity as affected by HPP might be due to release of MGO reversibly bound to amino acids or protein. Generally, HPP can cause conformational changes and denaturation of proteins in which the tertiary structure can be affected when pressure was applied (Hendrickx et al., 1998) . This might be related to the more availability in MGO. Further work is needed to verify this hypothesis.
On the contrary, the percentage inhibition of S. epidermidis is slightly decreased when Manuka honey was subjected to thermal treatments of 50°C (65.26 f 5.56%), 60 "C (62.38 f 6.34%) and 70 "C (59.49 f 4.29%). However, no significant difference (P > 0.05) was observed as compared to untreated. The highest temperature of 70 "C exhibited the lowest percentage inhibition. This is in agreement with AlHabsi & Niranjan (2012) who found that honey losses its antibacterial activity when exposed to higher temperature. Likewise, Rios et al. (2001) have observed that, at lower temperature of 40 "C, the antibacterial activity of honey was not affected.
Influence of treatments on hydroxymethylfurfural content
HMF value for untreated Manuka honey was registered as 17.16 & 0.60 mg kg-', which is lower than the maximum allowed limit of 40 mg kg-' as recommended by European Legislation (EC Directive 20011 110).
The HMF content of Manuka honey as affected by different treatments is presented in Table 1 . All treated samples showed no significant increase (P > 0.05) in HMF concentration as compared to untreated, except for combined HPP thermal and thermally treated sample (70 "C). HMF concentration in HPP-treated samples at ambient temperature showed the lowest HMF content (16.93-18 .76 mg kg-') as compared to other treatments. This is in agreement with earlier study (AlHabsi & Niranjan, 2012) where HPP operating at 25 "C for different pressure levels did not influence HMF concentration. A possible explanation for this is that high pressure has insignificant effect on acid-catalysed dehydration of hexose, the reaction in which HMF is formed. This hypothesis is related to the effect of HPP on sugars/ polysaccharides in honey, which need further work to verify. Regarding thermal treatment, the result shows a significant difference (P < 0.05) in HMF concentration when sample was thermally treated at higher temperature of 70 "C ( Table 1 ). The percentage increase of HMF at this temperature is registered as 56.71 & 0.88% (Fig. I) , which showed the highest as compared to other treatments. This is consistent with earlier study (Fallico et al., 2004) , showing that at higher temperature, the reaction will be accelerated more.
Overall, the result showed that there is no correlation (r = 0.342, P > 0.05) between HMF concentrations and pressure levels tested (200, 400 and 600 MPa). However, HMF formation during HPP treatment was significantly influenced (P < 0.05) by treatment time, where 30 min give the highest increase in HMF formation at all pressure levels tested (Fig. 4) . This result suggests that HMF formation during HPP treatment was greatly influenced by the treatment time regardless of pressure levels.
Besides processing temperature and time, the increase in HMF is related to chemical properties of honey, its botanical origin and also due to acidic decomposition of monosaccharide, specifically fructose (Singh & Bath, 1998; Raminez Cervantes et al., 2000) . Different honey sources vary in their fructose to glucose ratio, where it has been known that HMF formation is faster from fructose than glucose because fructose enolises faster than glucose (Lee & Nagy, 1990) . Another reason for increase in HMF is might be due to the condensation of carbohydrates that have free amine groups, according to the well-known Maillard reaction.
The relationship between the brown pigment formation, antibacterial activity, antioxidant activity and hydroxymethylfurfural A significant relationship between antioxidant activity, Maillard reaction products, phenolic content and colour in raw honey has been reported by previous investigators (Brudzynski & Miotto, 2011) . However, the correlation between these compounds in HPPtreated honey is yet unknown. Theoretically, the functional properties of honey including antibacterial activity may result from the interactions of biologically active groups of compounds such as polyphenols, flavonoids and Maillard reaction products (Brudzynski & Miotto, 2011) , whereas Shaker et al. (1995) reported that Maillard reaction products have antioxidant activity. We have previously shown that the total phenolic content and antioxidant activity were significantly increased when honey sample was subjected to HPP (Akhmazillah et al., 2013; Fauzi et al., 2014) . Thus, the increase of antibacterial activity in this study could implicate brown pigment and antioxidant as conferring growth inhibitor activity against S. epidermidis. The novel observation made in this study was a strong and significant (P < 0.05) relationship between antibacterial activity, antioxidant activity and brown pigment formation of HPP-treated samples as revealed by correlation matrix (Table 2) . However, no correlation was observed between these three variables and H M F content.
As tabulated in Table 2 , a strong correlation between antibacterial activity and brown pigment was found, whereas the antioxidant activity (measured as DPPH scavenging activity from previous work, Fauzi et al. (2014) ) correlated reasonably well with antibacterial activity and brown pigment formation. This finding suggests that brown pigment formation leads to higher antibacterial activity of S. epidermidis and antioxidant activity in HPP-treated Manuka honey, showing that the functional properties of honey were result from interactionslbinding of biologically active group of compounds (such as Maillard reaction products).
Conclusions
The application of HPP significantly increased the brown pigment formation and antibacterial activity against of S. epidermidis. New information is presented on the strong and significant correlation between brown pigment and antibacterial activity of HPP-treated Manuka honey. HPP treatment at ambient temperature is beneficial in controlling HMF concentration during treatment, particularly at shorter time of <30 min. HPP technology has no adverse effect on the quality of Manuka honey, particularly HMF content.
